Ischemic preconditioning (PC) of the brain is a phenomenon by which mild ischemic insults render neurons resistant to subsequent strong insults. Key steps in ischemic PC of the brain include caspase-3 activation and poly(ADP-ribose) polymerase-1 (PARP-1) cleavage, but upstream events have not been clearly elucidated. We have tested whether endogenous zinc is required for ischemic PC of the brain in rats. Mild, transient zinc accumulation was observed in certain neurons after ischemic PC. Moreover, intraventricular administration of CaEDTA during ischemic PC abrogated both zinc accumulation and the protective effect against subsequent full ischemia. To elucidate the mechanism of the zinc-triggered PC (Zn PC) effect, cortical cultures were exposed to sublethal levels of zinc, and 18 h later to lethal levels of zinc or NMDA. Zn PC exhibited the characteristic features of ischemic PC, including caspase-3 activation, PARP-1 cleavage, and HSP70 induction, all of which are crucial for subsequent neuroprotection against NMDA or zinc toxicity. HSP70 induction was necessary for protection, as it halted caspase-3 activation before apoptosis. Interestingly, in both Zn PC in vitro and ischemic PC in vivo, p75 NTR was necessary for neuroprotection. These results suggest that caspase-3 activation during ischemic PC, a necessary event for subsequent neuroprotection, may result from mild zinc accumulation and the consequent p75 NTR activation in neurons.
Introduction
Whereas mechanisms such as calcium-overload excitotoxicity and oxidative injury may concertedly contribute to ischemic neuronal death, a growing body of evidence suggests that neurotoxicity triggered by zinc dyshomeostasis is a key contributing factor under certain conditions (Choi and Koh, 1998; Weiss et al., 2000; Koh, 2001; Capasso et al., 2005; Galasso and Dyck, 2007) . For example, labile zinc has been shown to accumulate in degenerating neuronal cell bodies and nuclei after ischemia, and inhibition of zinc accumulation with chelators has been found to protect against ischemic neuronal death (Koh et al., 1996; Lee et al., 2002) .
Ischemic preconditioning (PC) of the brain is an interesting phenomenon, in which mild ischemic insults render neurons more resistant to subsequent strong insults. Although ischemic PC results in the reduction of neuronal cell death during subsequent insults, qualitatively the same injury mechanisms as in ischemic neuronal death are likely to underlie this phenomenon of endogenous neuroprotection (Andoh et al., 2002; Dirnagl et al., 2003; Gidday, 2006) .
The cascade of events leading to ischemic PC of the brain is not completely understood, although significant progress has been made in understanding its mechanism. Among the steps shown to be involved in the mechanism of ischemic PC are poly(ADP-ribose) polymerase (PARP) inhibition (Liaudet et al., 2001) , caspase-3 activation (McLaughlin et al., 2003) , and PARP-1 cleavage by caspase-3 (Garnier et al., 2003) . In addition, heat shock protein 70 (HSP70), which regulates apoptotic cell death (Beere et al., 2000; Saleh et al., 2000; Steel et al., 2004; Stankiewicz et al., 2005) , may be involved in ischemic PC (McLaughlin et al., 2003; Oksala et al., 2004) .
A key question in ischemic PC is the mechanism by which sublethal caspase-3 activation and PARP-1 cleavage occur, but not severe, full-blown caspase-3 activation and apoptosis. Zinc has been found to activate caspase-3-dependent apoptosis through the p75 NTR pathway , or to induce PARP-dependent oxidative necrosis (Kim and Koh, 2002) , depending on the degree of fulminance. Because ischemic PC may share the same mechanisms as ischemic injury (Andoh et al., 2002; Dirnagl et al., 2003; Gidday, 2006) , we hypothesized that endogenous zinc plays a key role, not only in ischemic neuronal death (Koh et al., 1996) but also in ischemic PC. Hence, a mild degree of ischemia may induce sublethal zinc toxicity in neurons, triggering caspase-3 activation and PARP-1 cleavage. Because fulminant zinc toxicity requires PARP activation, the absence of PARP may protect against zinc toxicity.
Materials and Methods
Ischemic preconditioning and transient middle cerebral artery. Male Sprague Dawley rats (300 Ϯ 20 g, 8 -9 weeks) were obtained from Charles River Laboratories. All animal experiments were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals (University of Ulsan, Seoul, South Korea). Each rat was anesthetized with an intramuscular injection of 50 mg/kg Zoletil, a 1:1 (weight: weight) mixture of tiletamine and zolazepam (Virbac). The left femoral artery was cannulated for monitoring arterial blood pressure (Stoelting) and sampling blood. An Opti critical care analyzer (Roche Diagnostics) was used to analyze hemoglobin, hematocrit, pH, arterial oxygen pressure ( pO 2 ) and partial pressure of carbon dioxide ( pCO 2 ) in arterial blood samples. Rectal and temporalis muscle temperatures (Physitemp) were maintained at 36.0 Ϯ 0.5°C with a temperature control unit (Harvard) . Physiological parameters before and after middle cerebral artery occlusion (MCAO) did not differ significantly. Transient ischemia in the MCA territory was induced as described previously (Longa et al., 1989) . Under a surgical microscope, the right common (CCA), external (ECA), and internal carotid (ICA) arteries were identified and separated from the vagus nerve. The ECA and CCA were ligated with 4-0 silk sutures, and the ICA was temporarily clipped. A small incision in the CCA was made 1 mm proximal to the bifurcation, and a 4-0 suture (Ethylon surgical monofilament polyamide; Ethicon), the tip of which was fire polished to a diameter of 0.38 -0.40 mm, was inserted into the ICA. After releasing the clip, the suture was advanced into the proximal portion of the MCA to ϳ20 mm from the carotid bifurcation. Each surgical operation was completed within 15 min.
Ischemic preconditioning (IPC) was induced by 10 min of transient MCAO (tMCAO), followed 72 h later by 1 h tMCAO. Physiological parameters immediately before and after IPC and before and after 1 h MCA occlusion did not differ significantly between groups (Table 1) . The experimental protocol is summarized in Figure 1A .
Laser-Doppler flowmetry. Laser-Doppler flowmetry (LDF) (BLF21D; Transonic Instrument) was performed as described (Dirnagl et al., 1989) . For placement of the LDF probe, a burr hole (2 mm diameter) was drilled 2 mm posterior and 6 mm lateral to the bregma, with care taken not to injure the underlying dura mater. Animals were placed in the supine position, and the skull was firmly immobilized in a stereotaxic frame. Cerebral blood flow (CBF) was recorded 10 min before MCAO or PC, 5 min after PC, 20 min after MCAO and 30 min after reperfusion or PC.
The CBF values were expressed as a percentage of the baseline value. LDF differed little between groups, before and after MCA occlusion (Table 2) .
Measurement of cerebral infarction. At 24 h after ischemia induction, the rats were killed and their brains were collected for analysis. Two mm-thick brain slices (RBM-4000C, ASI, Warren, MI) were incubated in 2% 2,3,5-triphenyl tetrazolium chloride (TTC; Sigma) in normal saline at 37°C for 30 min, and stored in 4% paraformaldehyde (Longa et al., 1989) . Digital images of brain slices were obtained with a flatbed digital scanner. Infarct volumes were quantified using image analysis software (ImagePro; Media Cybernetics), and total infarct volume was estimated by adding the infarct volume of each coronal slice along the AP axis. To correct for possible contribution by edema, infarct volumes were normalized to the volume of the intact contralateral hemisphere. Intracerebroventricular injection. A 10 l microsyringe (Hamilton) was stereotactically introduced through a 1 mm burr hole into the right lateral ventricle, 0.8 mm posterior and 1.2 mm lateral from the bregma and 3.8 mm deep. CaEDTA, ZnEDTA (Sigma; 300 mM, 4 l), or normal saline was injected through this microsyringe 15 min before IPC, and the microsyringe was removed 5 min later. To neutralize p75 NTR , three aliquots of a p75 NTR function-blocking antibody (Millipore Bioscience Research Reagents, 10 g in 15 l) were injected into the lateral ventricle, 30 min before, and 120 min and 270 min after, IPC.
TFL-Zn staining. Brains were harvested 3 and 24 h after IPC, immediately frozen in isopentane and stored at Ϫ70°C. Coronal brain sections (10 m thick) were prepared using a cryostat and stained for 90 s with a zinc specific fluorescent dye, N-(6-methoxy-8-quinolyl)-pcarboxybenzoylsulphonamide (TFL-Zn; Calbiochem), in Tris buffer (0.1 mM, pH 8.0). After washing with saline, the sections were examined under a fluorescence microscope with an ultraviolet filter (excitation, 355-375 nm; dichroic, 380 nm; barrier, 420 nm).
Mouse cortical cultures. Cortical cultures were isolated from embryonic day 14 -15 mice as described (Kim and Koh, 2002) . Briefly, dissociated cortical cells were plated onto poly-L-lysine/laminin-coated plates (Nunc) at 10 hemispheres per 24-well or 6-well plate (450,000 cells/cm 2 ) in DMEM (Invitrogen), supplemented with 20 mM glucose, 38 mM sodium bicarbonate, 2 mM glutamine, 5% fetal bovine serum (FBS), and 5% horse serum (HS). Cultures were maintained at 37°C in a humidified 5% CO 2 atmosphere. After 7 d in vitro (DIV 7), cultures were shifted to growth medium, which was identical to plating medium but contained 2.5% FBS and 2.5% HS. Cytosine arabinoside (10 M) was also added at DIV 7 to halt the growth of non-neuronal cells, including oligodendrocytes and microglia. Mixed cultures of cortical neurons and astrocytes at DIV 10 -14 were used in all experiments.
In vitro preconditioning and exposure to toxins. Cortical cultures were washed-out with Eagle's MEM (supplied glutamine-free; Invitrogen) and PC was induced by exposure to 30 M zinc (ZnCl 2 ), 20 M glutamate, 50 M FeCl 3 , 5 M CuCl 2 , or 50 nM staurosporine (STSP). Inhibitors of caspases or HSP induction, N-formyl-3,4-methylenedioxybenzylidene-␥-butyrolactam (KNK437; Kaneka), or p75 NTR functionblocking antibody (Millipore Bioscience Research Reagents) were added during PC treatment.
After PC, neuronal death was induced by continuous exposure of cultures to lethal concentrations of zinc, NMDA, glutamate, or Fe 2ϩ in MEM, with PARP inhibitors added during toxic zinc or NMDA exposure. The experimental protocol is summarized in Figure 1 B.
Knockdown of HSP70 or p75 NTR with siRNA. Three different HSP70 (GeneBank accession number EF100780) or p75 NTR (GeneBank accession number NM_033217) siRNA sequences were designed and synthesized (Invitrogen): HSP70; stealth_358 siRNA (5Ј-UUAUCU-UCGUCAGCACCAUGGACGA-3Ј), stealth_362 siRNA (5Ј-UCCUUU-AUCUUCGUCAGCACCAUGG-3Ј), and stealth_1055 (5Ј-UUCAG-GUCGCGCCCGUUAAAGAAGU-3Ј): p75 NTR ; stealth_566 siRNA (5Ј-UUCACACACUGUGUUCUGUUUGUCC-3Ј), stealth_935 siRNA (5Ј-AAUAUAGGCCACAAGGCCCACAACC-3Ј), and stealth_1245 siRNA (5Ј-UAAAGGAGUCUAUAUGCUCCG GCUG-3Ј). For delivery to cortical cultures, 128 pmol of each siRNA duplex was mixed with 1.5 l of Lipofectamine RNAiMAX (Invitrogen) and incubated for 48 h with 2 ϫ 10 4 cortical cells. Although each siRNA alone caused low-degree toxicity (Ͻ20%), it did not affect Zn toxicity or neuroprotection by Zn PC.
Estimation of cell death. After morphological assessment, cell death was quantified by measuring lactate dehydrogenase (LDH) released from irre- Figure 2 . The crucial role of zinc in ischemic PC of the brain. A, TFL-Zn fluorescence of the contralateral (left) and ipsilateral (middle, right) cortices and striata 3 and 24 h after 10 min MCA occlusion for ischemic PC. Neurons in the cortex and striatum exhibited TFL-Zn fluorescence (arrows) 3 h after occlusion, but zinc fluorescence largely disappeared 24 h later. Scale bar, 100 m. B, TTC-stained brain sections 24 h after unilateral MCA occlusion. Rats were subjected to 1 h MCA occlusion 72 h after sham operation (first) or IPC with the intracerebroventricular injection of saline (second), CaEDTA (third), or ZnEDTA (last). Bars denote infarct volume (cubic millimeters). C, Weight reduction (grams) 24 h after 1 h MCA occlusion in rats that underwent sham operation or 10 min MCA ischemia 72 h before full MCA ischemia. Rats that underwent 10 min IPC were intraventricularly injected with saline, CaEDTA, or ZnEDTA 15 min before ischemic PC. versibly damaged cells into the medium 18 h after the onset of lethal toxin exposure (Koh and Choi, 1987) , unless specified otherwise. Each LDH value was normalized relative to the maximal LDH release (ϭ 100) from cells exposed for 18 h to 100 M NMDA or 40 M zinc, both of which induced near-complete neuronal damage. All experiments were repeated at least three times using cultures from different platings. In addition, propidium iodide (PI) staining was used to assess cell death in mixed cortical cultures. Five g/ml PI was added to the medium and cell membrane disruption was assessed by fluorescence microscopy (IX70; Exciter filter BP510 -550/Barrier filter B590; Olympus).
Western blots. For poly(ADP-ribose) polymer (PAR) immunoblots, cell lysates were prepared by solubilizing cells in sample buffer (200 l per well/6-well plate), consisting of 62.5 mM Tris, pH 6.8, 6 M urea, 10% (v/v) glycerol, 2% SDS, 5% ␤-mercaptoethanol, 20 mM dithiothreitol, 0.005% bromophenol blue, and freshly prepared protease and phosphatase inhibitors (1 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride, 5 mM NaF, and 2 mM Na 3 VO 4 ). After sonication for 30 s and incubation at 95°C for 10 min, total proteins (70 l) were separated by SDS-PAGE (7%) under reducing conditions, transferred to nitrocellulose filters, and incubated with anti-PAR (Cell Signaling Technology), antiactin or anti-ERK (Sigma) antibody. For other immunoblots, cells lysates were prepared by solubilizing cells in lysis buffer [(in mM) 50 HEPES, 150 NaCl, 1.5 MgCl 2 , 5 EDTA, 2 EGTA, 1% Triton X-100, 0.5% SDS, pH 7.4]. Thirty microgram aliquots of total proteins were separated by SDS-PAGE, transferred to nitrocellulose filters, and immunoblotted with antibody to inducible HSP70, Mn SOD, Cu/Zn SOD (Stressgene), p75 NTR (Santa Cruz Biotechnology), procaspase-3, cleaved caspase-3, PARP (Cell Signaling Technology), ERK or actin. Enhanced chemiluminescence (Intron) was used to visualize the immunoreactive bands.
Immunocytochemistry. Tissues were fixed in 4% paraformaldehyde and blocked with 0.1% Triton X-100. After overnight incubation with primary antibody at 4°C, the samples were incubated with Alexa Fluor 488-conjugated secondary antibody (1:500; Alexa), and the stained tissues were examined and photographed under a fluorescence microscope.
Statistics. All statistical comparisons were made using two-tailed t tests with Bonferroni's correction for multiple comparisons. A p value Ͻ0.05 was considered statistically significant.
Results
The role of zinc in ischemic preconditioning in rats To assess whether endogenous zinc plays a role in ischemic PC, adult rats were subjected to 10 min of MCA occlusion. Three hours later, zinc accumulation was observed in neurons in the striatum and neocortex ( Fig. 2A) . In contrast tozincaccumulationindyingordeadneurons, zinc accumulation after ischemic PC was modest in degree and transient, largely disappearing 24 h later. Moreover, these neurons were not stained with TUNEL (data not shown). To determine whether endogenous zinc plays a causal role in ischemic PC, we used CaEDTA and ZnEDTA to reduce zinc-mediated effects and as a negative control, respectively (Koh et al.,1996; Leeetal.,2002) .WhereasischemicPC reduced subsequent infarct formation, this effect was completely reversed by intraventricular injections of CaEDTA, but not ZnEDTA, during PC (Fig. 2B) . In addition, CaEDTA, but not Zn EDTA, during PC reversed the protective effect of ischemic PC on weight reduction after MCA occlusion (Fig. 2C) . Caspase-3 mediates PARP-1 cleavage in Zn PC. A, Western blots using antibodies specific for procaspase-3, cleaved caspase-3 and PARP-1, of cells at the indicated times after the onset of Zn PC. B, Time dependence of the Zn PC effect. Bars represent LDH release (mean Ϯ SEM, n ϭ 4) from cortical cultures exposed to toxic (40 M) zinc for 18 h after Zn PC for the indicated times. *p Ͻ 0.05 compared with zinc controls (2-tailed t test with Bonferroni correction for multiple comparisons). At least 9 h was required for Zn PC to show protection against zinc toxicity. C, Western blots using antibodies specific for procaspase-3, cleaved caspase-3 and PARP-1, of cells 12 h after the onset of Zn PC, without or with zVAD or zDEVD. D, Western blots using antibodies specific for procaspase-3, cleaved caspase-3 or PARP-1 of cells from PARP-1 WT and KO cortical cultures after exposure to sublethal zinc (30 M) for 12 or 24 h. E, Western blots with anti-PAR antibody of cells exposed to toxic zinc (40M)for4hortoNMDA (30 M) for 30 min, without or with Zn PC alone, or Zn PC plus zVAD. A pan-caspase inhibitor, zVAD, reversed the Zn PC attenuation of zinc-or NMDA-inducedPARP-1overactivation.F,LDHrelease(meanϮSEM,nϭ4)fromcorticalculturesafter18hexposureto40Mzinc(left) or 30 M NMDA (right) without or with Zn PC alone or Zn PC plus caspase inhibitors. *p Ͻ 0.05 compared with toxin controls; # p Ͻ 0.05 compared with Zn PC controls (2-tailed t tests). The protective effects of Zn PC were reversed by zVAD or zDEVD.
Protective effects of zinc preconditioning in cortical cell culture Consistent with the possible role of zinc in ischemic PC, treatment of cortical cultures with 20 or 30 M zinc for 24 h (zinc preconditioning or Zn PC), which alone did not cause cell death in cultures (Fig. 3C) , markedly attenuated neuronal death induced by subsequent exposure to 40 or 50 M zinc (Fig. 3A-C) . Furthermore, Zn PC reduced neuronal death induced by excitotoxins (NMDA and glutamate) or the metal oxidant Fe 2ϩ (Fig.  3D) . In contrast, 24 h exposure to 20 M glutamate, at just below the lowest lethal concentrations, failed to protect against subsequent lethal exposure to zinc, NMDA or Fe 2ϩ (Fig. 3E ). In addition, other metal ions, Fe and Cu, did not show a PC protective effect (Fig. 3F) .
The role of PARP-1 cleavage in Zn PC PARP-1 overactivation has been implicated in zinc and NMDA toxicity as a key step in neuronal cell death (Zhang et al., 1994; Eliasson et al., 1997; Lo et al., 1998; Kim and Koh, 2002) . Consistently, we found that chemical inhibitors of PARP markedly attenuated zinc-or NMDA-induced neuronal death (Fig. 4 A) . However, PARP-1 overactivation is also regarded as a key step in ischemic PC (Liaudet at al., 2001; Garnier et al., 2003) . Therefore, we assessed whether the neuroprotective effects of Zn PC resulted from the reduced activation of PARP-1 during subsequent toxic exposure. Robust PARP-1 activation was detected 4 h after the onset of zinc exposure and 30 -60 min after the onset of NMDA exposure (Fig. 4 B) . Interestingly, Zn PC attenuated PARP-1 activation caused by subsequent exposure to zinc or NMDA, to a similar degree as that caused by the addition of PARP inhibitors during exposure to toxins (Fig. 4C) . PARP inhibitors significantly reduced Zn-or NMDA-induced neuronal death (Fig. 4 A) , suggesting that the attenuation of PARP-1 overactivation may be the major protective mechanism of Zn PC. To further examine this possibility, we tested Zn PC in cortical cultures obtained from PARP-1 knock-out (KO) mouse embryos. We found that PARP-1 deficient neurons exhibited lessened vulnerability than did wild-type (WT) neurons (Fig. 4 D) , suggesting the importance of PARP-1 in zinc and NMDA toxicities. However, Zn PC did not have additional protective effects on zinc-or NMDAinduced death in PARP-1 deficient neuronal cultures (Fig. 4 D) , further suggesting that PARP-1 is a necessary element for Zn PC.
Mediation of PARP-1 cleavage by caspase-3 in Zn PC
The cleavage of PARP-1 by caspase-3 has been implicated in ischemic PC (Garnier et al., 2003) . Western blot analysis showed that caspase-3 activation began 6 h after the onset of Zn PC, followed 3 h later by PARP-1 cleavage (Fig. 5A ). This time course of PARP-1 cleavage correlated well with our finding that Zn PC for Ͻ9 h did not show any protective effect (Fig. 5B) . The caspase inhibitors zVAD (nonselective) and zDEVD (selective for caspase-3) almost completely blocked caspase-3 activation and PARP-1 cleavage (Fig. 5C) , suggesting that PARP-1 is cleaved predominantly by caspase-3. Caspase-3 activation was observed in PARP-1 KO cells (Fig. 5D) , further indicating that caspase-3 activation is upstream of PARP-1 cleavage. As expected, caspase inhibitors added during Zn PC largely restored PARP-1 activation induced by subsequent toxic zinc exposure (Fig. 5E) , and reversed cytoprotection against subsequent toxic zinc or NMDA exposure (Fig. 5F) .
A sublethal degree of caspase-3 activation may be sufficient to induce PARP-1 cleavage and PC protection. Exposure of cortical cultures for 12 h to 50 nM staurosporine, which induced caspase-3 activation and PARP-1 cleavage without apoptotic neuronal death (Fig. 6 A, C) , reduced both PARP-1 overactivation and the neuronal vulnerability to subsequent zinc, NMDA, or glutamate toxicity (Fig. 6 B, C) .
The role of HSP70 in Zn PC
Under most conditions, caspase-3 activation usually signifies an irreversible event leading to apoptosis. However, caspase-3 activation during Zn PC seemed just adequate to induce PARP-1 cleavage for neuroprotection, but not potent enough to induce significant neuronal apoptosis. Hence, an endogenous break mechanism may be activated concurrently. We found that addition of cycloheximide (CHX) or actinomycin-D (ActD) abrogated the protective effect of Zn PC (Fig. 7A) , indicating the requirement for new protein synthesis. Although various potential protective proteins were induced by Zn PC, including HSP70, Mn SOD, and Cu/Zn SOD (Fig. 7B) , we focused on HSP70 because it has been found to inhibit caspase-9 and -3 through inhibition of apoptosome formation or cytochrome C release (Beere et al., 2000; Saleh et al., 2000; Steel et al., 2004; Stankiewicz et al., 2005) . Addition of KNK437, a chemical inhibitor of HSP70 induction, during Zn PC markedly reduced HSP70 induction, while causing more robust and prolonged caspase-3 activation than in control PC cultures (Fig. 7C) (Yokota et al., 2000; Koike et al., 2006) . Consistently, KNK437 treatment largely reversed the protective effect of Zn PC (Fig. 7D) . This reversal may be brought about by unhindered caspase activation and apoptosis, because KNK437 added during zinc PC itself greatly potentiated neuronal death induced by otherwise minimally lethal zinc PC (Fig. 7D) . Next, we confirmed the protective role of HSP70 in Zn PC using siRNAs to HSP70. Consistent with the effects of chemical inhibitor, knock-down of HSP70 by 48 h pretreatment with three different siRNAs significantly increased the neurotoxicity of Zn PC, although the degree of knock-down by siRNAs were variable (Fig.  7E,F) . From these results, we suggest that HSP70 play a key role in Zn PC by inhibiting the sustained caspase-3 activation, resulting in apoptotic neuronal death.
The necessary role of p75
NTR in Zn PC in vitro and ischemic PC in vivo Although excitotoxic exposure of our cortical cultures did not induce caspase-3 activation (Gottron et al., 1997) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), exposure to zinc, especially at lower toxic concentrations, induced expression of p75 NTR , which then caused caspase-3 activation and neuronal apoptosis . Induction of p75 NTR expression began 3-6 h after the onset of Zn PC (Fig. 8A) , somewhat earlier than caspase-3 activation. An antibody that blocked p75 NTR function (Bamji et al., 1998; Park et al., 2000) almost completely blocked caspase-3 activation and PARP-1 cleavage during Zn PC (Fig. 8B) , indicating that p75 NTR plays a key role in caspase-3 activation during Zn PC. Moreover, this antip75 NTR antibody completely reversed the protective effect of Zn PC on both zinc and NMDA neurotoxicity (Fig. 8C) . In addition, p75 NTR siRNAs that significantly downregulated p75 NTR (Fig. 8E ) almost completely reversed the protective effect of Zn PC (Fig.  8D) , providing further evidence for the importance of the p75 NTR pathway in caspase-3 activation and neuroprotection in Zn PC.
Because endogenous zinc is a key mediator of ischemic PC in the rat brain (Fig.  2) , we examined the role of p75 NTR in vivo. We found that p75 NTR immunoreactivity substantially increased in neurons 3 h after ischemic PC, but returned to baseline 24 h after PC (Fig. 8 F) . Furthermore, injection of the anti-p75 NTR antibody into the lateral ventricle during and after ischemic PC almost completely abrogated the protective effects of ischemic PC (Fig. 8G,H ).
Discussion
Our in vivo results have demonstrated the importance of endogenous zinc in ischemic PC as well as in ischemic neuronal death (Koh et al., 1996) . Whereas dense zinc accumulation in neurons is highly correlated with ischemic neuronal death, more transient low-level zinc accumulation may provide protection against subsequent neuronal death. Mild zinc accumulation has been found to correlate with HSP70 induction in surviving hippocampal neurons after seizures . Among endogenous metals, only zinc induced PC protection in cortical cultures, providing further evidence for the importance of zinc in ischemic PC. Furthermore, CaEDTA, but not ZnEDTA, abrogated the protective effect of ischemic PC, strongly reinforcing the role of zinc in ischemic PC. Although CaEDTA effects are likely mediated by removal of free zinc, we cannot completely rule out the possibility that calcium release from CaEDTA after zinc binding additionally contributes to the reversal of ischemic PC. However, this change may not have significant pathophysiological effects because the upper limit of extracellular calcium concentration change may be Ͻ30 M (1.5% of 2 mM normal calcium), based on the estimation that the peak zinc concentration after release is at most 30 M, probably much less (Ueno et al., 2002; Frederickson et al., 2006) . . HSP70 induction halts caspase-3 activation in Zn PC. A, LDH release after 18 h exposure to 40 M zinc without or with Zn PC alone, or Zn PC plus CHX (1 g/ml) or ActD (300 nM). CHX or ActD largely reversed the zinc PC attenuation of neurotoxicity. B, Western blots using antibodies to HSP70, Mn SOD, and Cu/Zn SOD of cells at the indicated times after the onset of Zn PC. C, Top, Western blots using anti-HSP70 antibody of cells 12 h after the onset of Zn PC, showing that 100 M KNK437 markedly attenuated HSP70 induction. Bottom, Western blots using antibody to caspase-3 of cells 12 or 24 h after the onset of Zn PC, showing that KNK437 inhibition of HSP70 induction during Zn PC resulted in greater and more prolonged activation of caspase-3. D, LDH release after 18 h exposure to 40 M zinc or sham wash, without or with Zn PC alone or Zn PC plus KNK437. *p Ͻ 0.05 compared with toxin controls, # p Ͻ 0.05 compared with Zn PC controls (2-tailed t tests). Inhibition of HSP70 induction with KNK437 abrogated the protective effect of Zn PC and potentiated neurotoxicity by Zn PC. E, LDH release after 18 h exposure to sham wash, without or with Zn PC from cortical cultures pretreated with Stealth RNAi negative control (NC) or three different specific siRNAs to HSP70 (stealth_358, 362, or 1055) for 48 h. F, Western blots using anti-HSP70 antibody of cell lysates obtained 12 h after Zn PC, without or with 48 h exposure to siRNAs of nonspecific NC or three different specific sequences for HSP70 knock-down (358, 362, or 1055) .
Finally, the mechanism underlying the increase in labile zinc in degenerating neurons is still unexplained. It may involve entry of zinc from the extracellular space, or more likely in situ zinc release from zinc-binding proteins, such as metallothioneins, or from zinc-containing organelles. Further investigations are needed to address this issue. NTR expression in neurons. P75 NTR activates caspase-3, which mediates PARP-1 cleavage. The action of caspase-3 is terminated by the induction of HSP70 before neuronal apoptosis develops. The resultant reduction in the level of PARP-1 provides broad-spectrum protection against insults that require PARP-1 for the induction of neuronal death.
